Knowledge on parasites of the genus Besnoitia is sparse, which are classified in the subfamily Toxoplasmatinae of the phylum Apicomplexa. This arrangement hypotheses that Besnoitia represents the sister group to species such as Toxoplasma gondii and Hammondia hammondi. In order to test this hypothesis, phylogenetic analyses of 18S ribosomal DNA (rDNA) from Besnoitia, Hammondia, Isospora, Frenkelia, Eimeria, Neospora, Sarcocystis and Toxoplasma were performed. The 18S rDNA of Besnoitia besnoiti, Besnoitia jellisoni and Eimeria alabamensis were amplified by PCR and sequenced. Phylogenetic analyses by parsimony and maximum-likelihood methods showed Besnoitia to be reproducibly the sister group to a clade containing Hammondia, Neospora and Toxoplasma. Furthermore, Besnoitia of cattle, wildebeest and goats had identical ITS1 rDNA sequences, which questions the use of the taxon Besnoitia caprae to describe the Besnoitia found in goats.
Introduction
Besnoitia are parasitic protozoa belonging to the family Sarcocystidae in the phylum Apicomplexa. Besnoitiosis in cattle (previously known as globidiosis) is caused by infections from Besnoitia besnoiti. The disease has distinctive symptoms (Bigalke 1981; Hofmeyr 1945; Pols 1960) , and commences with fever, followed by skin lesions involving extensive thickening of the skin and associated loss in elasticity. The final stages involve loss of most of the hair and shedding of skin layers. Although mortality associated with this disease is generally low (less than 10%), morbidity may be as high as 20%. Sterility in bulls, resulting from orchitis, may also have a significant impact on animal production. No chemotherapeutic treatment is available for this disease, although a live vaccine was developed against bovine besnoitiosis using a strain of Besnoitia isolated from the blue wildebeest (Bigalke et al. 1967 (Bigalke et al. , 1974 .
Knowledge on the relationship of Besnoitia to other cyst-forming coccidia is sparse, although the grouping of Besnoitia, Toxoplasma and Hammondia into the subfamily Toxoplasmatinae is generally well accepted (Frenkel 1977; Tenter and Johnson 1997) . outgroup. The parsimony analysis using the branchand-bound search identified two equally parsimonious trees, which differed only in the position of S. aucheniae. Figure 1 shows one of these trees, with the bootstrap values obtained; the alternative tree had S. aucheniae as the sister taxon to the group containing S. cruzi. The relationships amongst the other sequences were unproblematic: Besnoitia was the sister group to a clade containing T. gondii + H. hammondi + N. caninum. Isospora was polyphyletic, and Sarcocystis formed two groups, one of which included Frenkelia. The maximum-likelihood analysis also produced the tree shown in Figure 1 . The relationship of Besnoitia was further tested by searching for the optimal parsimony tree that does not have Besnoitia as the sister to the T. gondii + H. hammondi + N.caninum clade (the Bremer support index). The shortest tree had 689 instead of 686 steps, indicating considerable support for Besnoitia as the sister to the T. gondii + H. hammondi + N.caninum clade.
Molecular Phylogeny of
The parsimony analysis of Domain 1 produced five equally parsimonious trees. These trees conThis arrangement hypotheses that Besnoitia represents the sister group to Hammondia, Neospora and Toxoplasma. In order to test this hypothesis, the phylogenetic relationships amongst 18S rDNA sequences derived from Besnoitia, Hammondia, Isospora, Eimeria, Frenkelia, Neospora, Sarcocystis and Toxoplasma were investigated. The 18S rDNA of B. besnoiti, Besnoitia jellisoni and Eimeria alabamensis was amplified by PCR and sequenced. The phylogenetic analyses presented here show Besnoitia to be the sister group to a clade containing Hammondia, Neospora and Toxoplasma.
A further aim of this study was to investigate how phylogenetically informative variation was distributed along the 18S rDNA of cyst-forming coccidia. Most of the phylogenetically informative data that supported the clade containing Besnoitia + Hammondia + Neospora + Toxoplasma were located in domain 3 encoded by the 18S rDNA.
Finally the genetic relationships amongst Besnoitia found in cattle, wildebeest and goats were investigated by comparison of internal transcribed spacer (ITS) 1 rDNA sequences. The data indicate these taxa are genetically identical at this locus, and leads us to question the use of the term Besnoitis caprae to describe Besnoitia found in goats.
Results

Phylogeny
The 18S rDNA sequences of B. besnoiti and B. jellisoni were determined (GenBank TM accession numbers AF109678, AF291426). The 18S rDNA sequences from the two isolates of B. besnoiti (BWB and bullstrain) were identical.
Preliminary phylogenetic analyses by parsimony of a Clustal W generated alignment indicated the analyses were apparently unproblematic. Besnoitia was the sister group to a clade containing T. gondii + H. hammondi + N. caninum.
The sequence alignment used for the main phylogenetic analyses, which defines the complete secondary structure of the 18S rRNA molecule, was 1,919 characters long. The preliminary parsimony analysis using the heuristic search indicated that Isospora was polyphyletic, with I. robini grouping with Eimeria + Cyclospora and the other three Isospora species grouping with Besnoitia + Toxoplasma + Neospora + Hammondia. Eimeria was paraphyletic unless Cyclospora was also included; and Sarcocystis formed two groups, one of which included Frenkelia (i.e. Sarcocystis is paraphyletic).
So, the final analyses included only I. robini as the Figure 1 . One of the two phylogenetic trees from the parsimony analysis of the structure alignment of the SSU rDNA, representing the relationships amongst the cyst-forming coccidia sequences using I. robini as the outgroup. The numbers at the nodes represent the bootstrap values (% out of 500). The maximum-likelihood analysis also produced the tree shown here.
Toxoplasma form a monophyletic group and that Besnoitia is the sister group to the clade containing N. caninum, H. hammondi and T. gondii. Our results also confirm the conclusion of others that Isospora is polyphyletic (Carreno et al. 1998; Carreno and Barta 1999) . Historically, Besnoitia has been considered "Toxoplasma-like" (Dubey 1976 (Dubey , 1993 Kirkpatrick and Dubey 1987) . For example, electron microscopy has shown that zoites of Besnoitia have an ultrastructure that is characteristic of cyst-forming coccidia, namely a three-layered pellicle, conoid, rhoptries, microtubules, micronemes and a polar ring (Njenga et al. 1995; Sheffield 1966; Shkap et al. 1988) . Sheffield (1966) who stated that "it would be difficult to distinguish one from the other in electron micrographs" pointed out the morphological similarity of B. jellisoni to T. gondii.
There are few studies that describe the life cycle of Besnoitia, which appears obligately heteroxenous. Wallace and Frenkel (1975) and Frenkel (1977) demonstrated that the cat was the definitive host of Besnoitia wallacei and rats and mice were intermediate hosts. Smith and Frenkel (1977) showed that the cat was also the definitive host of Besnoitia darlingi and rodents, bats, tropical lizards and the Virginia opossum could act as intermediate hosts (Kirkpatrick and Dubey 1987) . The life cycle of B. besnoiti has not been elucidated, and the cat does not appear to be the definitive host of this species (Diesling et al. 1988 ) although a range of ruminants, such as impala and blue wildebeest, act as intermediate hosts (Bigalke 1981) .
The weight of evidence from parasite biology therefore indicates that the grouping of Besnoitia, Hammondia, Toxoplasma and Neospora described here (i.e. a monophyletic group sharing a common ancestor) is a reasonable conclusion. The cysts of Besnoitia are, however, unusual in their appearance and are quite distinctive from other cyst forming coccidia. They are large (100-500 µm), and the parasitophorous vacuole occupies most of the cell and contains numerous bradyzoites (Frenkel 1977; Sheffield 1968) . It is surrounded by a multi-nucleated host-cell-derived cytoplasm, which is bounded by a thick, PAS staining, collagenous wall.
Besnoitia also differ amongst themselves in their ultrastructural and biological characteristics. For example, Besnoitia isolated from goats differs from Besnoitia of cattle in the appearance of their pellicles, micropore, orientation of the microtubules, appearance of the nucleus, appearance and development of the wall-forming bodies and the amount of lipid and amylopectin they contain (Njenga et al. 1995) . Other biological differences, such as differtained most of the structure of the large Sarcocystis group, but neither the group containing Frenkelia nor the group containing Besnoitia. The analysis of Domain 2 produced 574 equally parsimonious trees. These trees contained most of the structure of the Frenkelia group, but not the large Sarcosystis group nor the group containing Besnoitia. The analysis of Domain 3 produced 639 equally parsimonious trees. These trees contained most of the structure of the Besnoitia + Toxoplasma + Neospora + Isospora group, but not either of the other two groups. So, the phylogenetic information is spread throughout the 18S rDNA sequence, but with the different Domains providing information for different parts of the phylogenetic tree.
Analysis of ITS1 Sequences
The ITS1 rDNA sequences derived from Besnoitia of cattle, wildebeest and goat were identical (GenBank TM accession number AF076859) and differed significantly in sequence from that derived for B. jellisoni ITS1 (AF076860). PCR contamination was rejected as an explanation for the identical sequences, due to the strict maintenance of aseptic technique; the use of a laminar flow cabinet for the constitution of PCR reactions, and the inclusion of appropriate negative controls in the experimental design.
Histological sections of goat fascia and adjacent adipose tissue contained numerous single and occasional clusters of large (100-400 µm) round to oval cysts of B. caprae. These cysts were infrequently accompanied by a mixed inflammatory cell infiltrate of neutrophils, lymphocytes and histiocytes accompanying early fibrosis, suggesting subacute mild granulamotous inflammation. The cysts had a thin outer hyalinised cyst wall, and contained an abundant and densely packed accumulation of bradyzoites. Several cysts also displayed a narrow cytoplasmic border of multiple elongated nuclei. In one section, a large arteriole contained several subintimal and intimal cysts apparently budding from the endothelium into the vessel lumen. These findings were consistent with those published previously for B. caprae.
Discussion
Knowledge about the phylogenetic relationships among cyst-forming coccidia, especially Besnoitia, is sparse. The phylogenetic analyses of 18S rDNA sequences described here have shown that Besnoitia, Hammondia, some Isospora, Neospora and ences in their infectivity to rabbits and other laboratory animals as well as to cattle and goats, indicate that Besnoitia of cattle and goats are probably different biological species (Njenga et al. 1993 (Njenga et al. , 1995 Ng'ang'a and Kasigazi 1994) . Consequently the names B. besnoiti and B. caprae are in use to describe these taxa (Njenga et al. 1993) .
The observation that Besnoitia from cattle, wildebeest and goat possess identical ITS1 rDNA sequences therefore requires comment. Wildebeest are recognised as an intermediate host for B. besnoiti (Bigalke et al. 1967 ), so it is not all that surprising that Besnoitia from wildebeest and cattle share the same ITS1 sequences. However, given that Besnoitia of cattle and goats differ in so many of their biological properties (Njenga et al. 1993 (Njenga et al. , 1995 Ng'ang'a and Kasigazi 1994) , the observation that these taxa are genetically identical at the ITS1 was surprising. Consequently, histopathological examinations were performed of the goat fascia in which the Besnoitia were present, and the findings were consistent with those published previously for B. caprae (Bwangamoi et al. 1989; Heydorn et al. 1984; Njenga et al. 1993 Njenga et al. , 1995 Ng'ang'a and Kasigazi, 1994) . Therefore, we have good reason to conclude that the goat material analysed was indeed a representative sample of B. caprae.
The two most obvious conclusions that can be made from this study are that either B. besnoiti and B. caprae possess the same ITS1 sequence or that B. caprae represents a distinct population of B. besnoiti. Our current knowledge on Besnoitia is insufficient to determine which of these alternatives is correct. However, it is worth noting that virulent and avirulent populations of T. gondii, which differ in their biological (e.g. spectrum of disease in the mouse) and genetic (e.g. SAG2 and RAPD PCR profiles) properties (e.g. Guo and Johnson 1996; Sibley and Boothroyd 1992), possess identical ITS1 sequences (Homan et al. 1997; Payne and Ellis 1996) . Holmdahl et al. (1997) also concluded that, because bovine and canine strains of Neospora possess identical ITS1 sequences, these isolates must also be N. caninum. The size and sequence content of the ITS1 is therefore recognised as a well-characterised species-specific marker amongst the coccidia (see also Barta et al. 1998; Ellis et al. 1999; Hnida and Duszynski 1999; Marsh et al. 1998 Marsh et al. , 1999 such that parasite populations sharing the same, or highly similar, ITS1 sequences are likely to be derived from the same species. If we accept these arguments, then one must reject the use of the term B. caprae to describe Besnoitia found in goats, given that it has an identical ITS1 sequence to B. besnoiti. Such a recommendation may not be rational in this instance, because B. caprae and B. besnoiti appear as biologically distinct entities with properties that cannot be correlated with the two populations being identified as a single species. For example, B. caprae is not infectious to cattle or laboratory rodents whereas B. besnoiti is (Njenga et al. 1993 (Njenga et al. , 1995 Ng'ang'a and Kasigazi 1994) . Clearly, additional information is required to resolve this controversy.
Previous studies have shown those regions of rDNA which encode the helical regions of rRNA, contain most of the phylogenetically informative data present in the 18S rDNA of the cyst-forming coccidia (Ellis and Morrison 1995; Morrison and Ellis 1997) . This study extends these observations and demonstrates that subsets of 18S rDNA data derived from the three major domains each independently support different parts of the phylogenetic tree obtained for the Sarcocystidae. The most logical explanation for this is that the different domains are evolving independently among the different groups which make up the cyst-forming coccidia. This hypothesis clearly requires further investigation.
Finally, various classifications have been proposed over the years for the Apicomplexa, including the cyst-forming coccidia (summarised in Ellis et al. 1998; Tenter and Johnson 1997) . For example, Frenkel (1977) proposed a sub-division of the Sarcocystidae into two subfamilies: the Toxoplasmatinae (containing Besnoitia, Toxoplasma and Hammondia) and the Sarcocystinae (containing Sarcocystis and Frenkelia). This classification, which was based primarily on the morphological and life-cycle characteristics of the taxa concerned, hypothesizes that Besnoitia represents the sister group to Toxoplasma and Hammondia. The analyses presented here show this to be a reasonable conclusion. In general terms, it is also worth noting that the overall relationships observed among Frenkelia and Sarcocystis (Jenkins et al. 1999; Mugridge et al. 1999 ) are also consistent with this classification.
At this point in time, it is not worth suggesting changes (even though they may be minor) to the classification of the cyst-forming coccidia, based on the results of rDNA analyses, for several reasons. First, there are still only a relatively small number of sequences analysed by molecular phylogeny, and it would be sensible for workers in this area to continue to add data to this arena. Second, the outcomes of analyses such as those presented here on 18S rDNA represent the evolution of one gene only, which may not reflect species evolution (Doyle 1992) ; that is, gene trees and species trees are not necessarily the same thing. Prior experience in other disciplines (e.g. Angiosperm Phylogeny Group 1998; Grass Phylogeny Group 2000) shows that it is necessary to look for agreement (congruence) among analyses of several loci (including proteinencoding genes or mitochondrial DNA) prior to suggesting re-classification of any group of organisms. Only in this way can we test the hypothesis that gene and organism phylogeny are correlated, since incongruence between rDNA phylogeny and other characters is quite common (e.g. Cannatella et al. 1998; Hoot et al. 1999; Martin et al. 2000; Smith and Sytsma 1994; Wingfield et al. 1994) . Following analysis of other gene and protein types, the "weight-ofevidence" principle may ultimately lead to a revision in the classification of the coccidia.
Methods
Parasites
• Besnoitia from cattle and wildebeest. DNA of B. besnoiti bullstrain (from cattle) and BWB strain (from blue wildebeest) were provided by the Onderstepoort Veterinary Institute, Republic of South Africa.
• Besnoitia from goat. Fascia from the carcass of a chronically infected goat that was naturally infected in Kenya, containing numerous Besnoitia cysts, was removed and shipped to UTS. Specimens were embedded in paraffin, and 5 micron sections stained with haematoxylin and eosin. The rest of the fascia was frozen, lysed in 1% SDS, 10 mM Tris pH 8, 100 mM EDTA containing 100mg/ml of proteinase K at 56°C, and the released DNA was purified by phenol/chloroform extraction and ethanol precipitation.
Origin of other parasites and genomic DNAs: Culture-derived zoites of B. jellisoni were provided by Merck Research Laboratories, Rahway, New Jersey, USA. Genomic DNA was prepared from the zoites using the method described above. Genomic DNA from Eimeria alabamensis was provided by Per Thebo (Swedish University of Agricultural Sciences, Uppsala, Sweden).
PCR and sequencing of 18S ribosomal DNA: 18S rDNA was PCR amplified from genomic DNA as overlapping fragments using primers described by Holmdahl et al. (1999) . The PCR fragments were purified by a QIAquick purification column (Qiagen, USA), and sequenced by cycle sequencing with the aid of an ABI automated sequencer using primers to generate the entire 18S rDNA sequence. A consensus sequence was produced from numerous sequencing runs (at least 3 from each primer).
Phylogenetic analysis: Preliminary analyses were conducted using a computer-generated alignment generated by Clustal W (Thompson et al. 1994 Further analyses were conducted using a sequence alignment based on that described by Van de Peer et al. (1997) which defines the complete secondary structure of the 18S rRNA molecule. This original alignment is available from the SSU rRNA database (http://www-rrna.uia.ac.be) maintained by R. De Wachter (Departement Biochemie, Universiteit Antwerpen) and included 18S rDNA sequences from the above named taxa. The alignment was manually edited in order to remove minor inconsistencies between taxa; consensus sequences were then derived using the MacClade 3.06 computer program (Maddison and Maddison 1992) for those taxa where there were several sequences available. Standard IUPAC codes were used for those nucleotide positions which contained more than one possible character state in the consensus sequence. The final alignment is available at http: //www.science.uts.edu.au/sasb/alignments.html, contains 34 sequences and is 1,919 characters long including gaps. Parsimony analyses were performed using a) the heuristic search option with 100 random starts in PAUP 3.1.1 (Swofford 1993) with Eimeria, I. robini and Cyclospora specified as the outgroup; b) the branch-&-bound option with I. robini as the out-group. Bootstrap analysis was performed using 500 bootstraps. Maximum-likelihood (ML) analyses were performed using DNAML in PHYLIP 3.5c (Felsenstein 1995) with the Kimura 2-parameter model, global rearrangements and 10 random starts.
The structural sequence alignment was also partitioned into three data sets containing Domains 1, 2 and 3 of the rRNA secondary structure (Gutell et al. 1994; van der Peer et al. 1998 ). The Domain 1 data set was 706 characters long, and is here defined as spanning Helices 1 through to 21 (as defined by van der Peer et al., 1998); Domain 2 was 574 characters long, and contained nucleotides of Helix 22 through to 31; and Domain 3 was 639 characters long, and spanned Helices 2 through to 50. The alignments were analysed by heuristic parsimony as described above.
PCR and Sequencing of ITS1: ITS1 sequences from Besnoitia of cattle, wildebeest and goat, and B. jellisoni, were amplified from genomic DNA using primers Tim3 and Tim11 as described (Payne and Ellis 1996; Ellis et al. 1999) . These primers are known to PCR amplify DNA from N. caninum, Hammondia spp. and T. gondii, but not from any other organisms tested including DNA from higher eukaryotic organisms (Ellis et al. 1999; Payne and Ellis 1996) . The PCR products obtained were purified by a QIAquick purification column (Qiagen, USA) and sequenced by cycle sequencing with the aid of an ABI automated sequencer. The ITS1 sequences were aligned using Clustal W (with default parameter options). 
